Behaviorally, tFgfr1 transgenic mice displayed spontaneous and persistent locomotor hyperactivity that apparently was not attributable to alterations in subcortical monoaminergic systems, because transgenic animals responded to both amphetamine and guanfacine, an ␣2A adrenergic receptor agonist. We conclude that FGF tyrosine kinase signaling may be required for the genesis and growth of pyramidal neurons in frontal and temporal cortical areas, and that alterations in cortical development attributable to disrupted FGF signaling are critical for the inhibitory regulation of motor behavior.
Introduction
In human as well as in mouse, there are 22 Fibroblast growth factor (Fgf ) genes and 4 Fgf receptor (Fgfr) genes, Fgfr1, Fgfr2, Fgr3, and Fgfr4 (Ornitz and Itoh, 2001 ). These genes are expressed earlier in development than other families of receptor tyrosine kinase genes and, in the CNS, many of them are already present at the neural plate stage. Some Fgf knock-out mice have provided insight into the biological roles of Fgfs in brain development. For example, Fgf2 knock-out mice have a loss of pyramidal neurons in the anterior cerebral cortex (Vaccarino et al., 1999; Korada et al., 2002) , which is because of a deficiency in neural progenitorstem cells within the dorsal ventricular zone (VZ) (Vaccarino et al., 1999; Raballo et al., 2000) . In contrast, the Fgf8 gene is required for cortical patterning, as shown by overexpression and conditional lack of function experiments (Meyers et al., 1998; Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003) . Fgf14 knock-out mice have a histologically normal brain but exhibit severe ataxia and paroxysmal dyskinesia (Wang et al., 2002) . The FGF2 protein binds to FGFR1, FGFR2, and, to a lesser extent, FGFR3, whereas the FGF8 protein binds strongly to FGFR3 and FGFR4 and weakly to FGFR1 in vitro (Ornitz et al., 1996; Chellaiah et al., 1999) . Previous studies demonstrated that Fgfr1 mRNA is expressed in the dorsal VZ, the primordium of the cerebral cortex (Vaccarino et al., 1999) . Fgfr2 and Fgfr3 are also widely expressed throughout the cortical neuroepithelium, albeit with different regional distributions (Ragsdale and Grove, 2001 ). The specific role of each FGFR during cortical development is unclear.
Fgfr1 knock-out mice die at gastrulation stages of embryonic development (Deng et al., 1994; Yamaguchi et al., 1994) . Mice harboring a nonfunctional Fgfr1 gene in progenitor cells of the forebrain show hypoplasia of the hippocampus (Ohkubo et al., 2003) or the olfactory bulb (Hebert et al., 2003) but no apparent change in size or patterning of the cerebral cortex. These data suggest that either FGF2 and FGF8 do not act through FGFR1 or the FGFR2 or FGFR3 proteins are able to compensate for the defect in Fgfr1 gene function during cortical development.
To further investigate the FGFR signaling pathways in cortical development, we attenuated FGFR1 signaling by expressing a dominant negative Fgfr1 transgene during embryonic brain development. A tyrosine kinase domain-deficient Fgfr1 (tFgfr1) gene construct was overexpressed throughout the embryonic prosencephalon by placing it under the control of the Otx1 regulatory region. The dominant negative Fgfr1 gene product is able to efficiently block signaling of all FGFRs when expressed in Xenopus oocytes, whereas it does not affect unrelated tyrosine kinase receptors (Ueno et al., 1992; Werner et al., 1993; Robinson et al., 1995; Saffel et al., 1997) .
We show that FGFR signaling is indispensable for the normal differentiation of specific regions of the cerebral cortex. Interfering with FGFR signaling during embryonic development causes decreased proliferation of neuroepithelial cells and abnormal radial glia process extension to the pial layer in the anterior and lateral regions of the cortical wall, hampering the generation of early born T-Brain-1 (TBR1)-positive neurons in these areas of the developing cortical plate (CP). This results in localized cortical atrophy, with decreased number and aberrant positioning of pyramidal neurons in the corresponding frontal and temporal regions of the neocortex. We also report that tFgfr1 transgenic mice spontaneously develop stereotypic locomotor hyperactivity, behavior that was worsened by amphetamine and could be transiently ameliorated by the administration of guanfacine, an agent that preferentially stimulates ␣2A adrenergic receptors.
Materials and Methods
Generation of transgenic mice. To construct the plasmid for the production of the tFgfr1 transgenic lines, a ϳ5.4 kb NsiI/BamHI fragment from the vector pGN28 containing the Otx1 5Ј sequence was ligated into pBSKϩ restricted with PstI/BamHI to produce the plasmid pBSKOtx1. Plasmid pSW2, containing the truncated murine Fgfr1 (IIIc) cDNA flanked by the ␤-globin intron and the human growth hormone polyadenylation region (Werner et al., 1993) , was restricted with BamHI/SacII and linked with the following oligonucleotides: 5Ј-GGGCGGCCGCGT-CGACTCTAGACTCGAGTCGCGACACGTGG and 5Ј-CGCCCGCCGG-CGCAGCTGAGATCTGAGCTCAGCGCTGTGCACCCTAG to form the derivative plasmid pSW2-oligo. The Otx1 5.4 kB promoter was then released from pBSKOtx1with SalI/BamHI and ligated into pSW2-oligo previously restricted with SalI/BamHI to make the final construct, named pSW2oligoOtx1. A ϳ7.8 kb fragment containing the Otx1 5Ј region followed by the truncated murine Fgfr1, including the polyA sequence, was released from pSW2oligoOtx1 with KpnI/NotI and purified by sucrose gradient centrifugation before injection into the pronuclei of 1-cell embryos using methods described previously (Shashikant et al., 1995) .
In situ hybridization. [ 35 S]-labeled RNA probes were synthesized from cDNAs by in vitro transcription. The tFgfr1 mRNA was detected using a 600 bp fragment encoding for the human growth hormone poly (A) region subcloned from pSW2 (Robinson et al., 1995) . Paraformaldehyde-fixed (4%) and paraffin-embedded embryos were sectioned at 10 m, dewaxed and rehydrated, treated with proteinase K (5 g/ml), and acetylated according to standard protocols (Wilkinson and Nieto, 1993) . Sections were hybridized with 1 ϫ 10 6 cpm/slide of [ 35 S]-labeled probe for 18 hr at 60°C. Slides were treated with RNase A (10 g/ml) and washed to a final stringency of 0.1ϫ SSC. Slides were coated with emulsion and developed.
Reverse transcriptase-PCR analysis. Embryos were collected in ice-cold 1ϫ PBS and were immediately subjected to tissue homogenization in TRIZOL reagent (15596; Invitrogen, San Diego, CA) for isolating RNA. Single strand of cDNA was synthesized by using the SuperScript FirstStrand Synthesis System for reverse transcriptase (RT)-PCR (Invitrogen) as directed in the instruction provided by the manufacturer. PCR was performed with 1 g of cDNA. The tFgfr1 expression was verified with primers in the Otx1 promoter and the ␤-globin regions as illustrated with arrows in Figure 1 B. Glyceraldehyde-3-phosphate dehydrogenase primers were used to ensure the integrity as well as the quantity of the cDNA loaded in each RT-PCR.
Immunohistochemistry. Brain tissue was fixed in 4% paraformaldehyde overnight and cryosectioned at 14, 20, or 50 m after sucrose treatment. The tissue sections were blocked in 10% fetal bovine or goat serum for 1 hr at room temperature and processed as described previously (Korada et al., 2002) . Fluorescent secondary antibodies were anti-mouse or antirabbit Alexa 488 and Alexa 596 (Molecular Probes, Eugene, OR). For immunoperoxidase color development, the Vector Laboratories ABC kit (PK-6100; Vector Laboratories, Burlingame, CA) was used as directed. The dilutions used for primary antibodies were as follows: rabbit-Tbr1 (1:1000; kind gift from Dr. R. Hevner, University of Washington, Seattle, WA), rabbit-GLAST (astrocyte-specific glutamate transporter; 1:2000; kind gift from Dr. M. Watanabe, Hokkaido University, Sapporo, Japan), rabbit-BLBP (brain lipid-binding protein; 1:1000; kind gift from Dr. N. Heintz, Rockefeller University, New York, NY), mouse-SMI-32 (1:1000; Sternberger Monoclonals, Lutherville, MD), mouse-RC-2 (1:400; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), mouse-parvalbumin (clone PA-235; 1:1000; Sigma, St. Louis, MO), mouse-reelin (clone G10; 1:1000; Chemicon, Temecula, CA), rabbit-PAX6 (AB5409; 1:1000; Chemicon), mouse-calretinin (MAB1568; 1:4000; Chemicon), rabbit-calbindin D-28K (AB1778; 1:5000; Chemicon), and mouse-␤III tubulin (clone 5G8; 1:3000; Promega, Madison, WI).
Bromodeoxyuridine incorporation assay. Dams harboring embryonic day (E) 12.5 embryos were injected with 5-bromodeoxyuridine (BrdU; 0.05 mg/gr, i.p.) 30 min before harvesting embryos. The embryos were fixed in 4% paraformaldehyde, frozen at Ϫ80°C, and sectioned at 14 m. To denature DNA, sections were incubated in 50% formamide/50% 2ϫ SSC buffer (0.3 M NaCl/0.03 M sodium citrate) for 2 hr at 65°C, rinsed in 2ϫ SSC for 5 min, and incubated in 2N HCl for 30 min at 37°C, followed by 0.1 M boric acid buffer, pH 8.5. The sections were then processed for immunoperoxidase staining with a monoclonal anti-BrdU antibody (mouse clone B44; 1:300; Becton Dickinson, Rutherford, NJ).
Morphometric analyses and cell counts. Volumes and total cell number were assessed by unbiased stereological methods using the optical fractionator method (Raballo et al., 2000) . For this purpose, series of sections (1:10 or 1:20) immunostained with BrdU, GABA, and TBR1 and counterstained with cresyl violet were analyzed using a computer-coupled microscope running StereoInvestigator (MicroBrightField, Colchester, VT). The boundaries for the E12.5 dorsal ventricular zone were drawn at 10ϫ on the basis of published criteria (Takahashi et al., 1993; Raballo et al., 2000) , and those for the adult cerebral cortex (neocortex) were drawn on the basis of described boundaries (Franklin and Paxinos, 1997) . A volume estimate was obtained by the Cavalieri method using the area estimates, section thickness, and the spacing of sections. Stained cells were counted within sampling boxes (50 ϫ 50 ϫ 6 m) chosen in a systematically random manner within the areas of interest. The coefficient of error of our estimates was Ͻ0.2. To estimate the number and density of BrdU-labeled cells in the lateral portion of the VZ, BrdUpositive nuclei were counted by using the optical fractionator method along the anteroposterior domain of the dorsal VZ in a 100 m wide strip situated immediately dorsal from the corticostriatal sulcus.
Analysis of apoptosis. Apoptosis was detected in embryonic tissue sections by terminal transferase-mediated dUTP nick end labeling (TUNEL) as described previously (Raballo et al., 2000) .
Behavioral studies and analyses. Mice were housed in groups in plastic cages with corn chip bedding with food and water available ad libitum. Both male and female transgenic and littermate controls were used. The animal colony was climate controlled and kept on a 12 hr light/dark cycle. Data are expressed as mean activity counts, ϮSEM, measured by photo-cell total beam brakes. Animal protocols were approved by the Yale University Animal Care and Use Committee and following the Guide for the Care and Use of Laboratory Animals. Locomotor activity was quantitated using the automated Accuscan (Columbus Instruments, Columbus, OH) Digiscan Micro-monitor system equipped with 16 photocells per chamber. Locomotor activity was collected in 5 min intervals. The activity chambers were located inside a soundattenuated room equipped with a white noise generator. During activity testing, the room was illuminated with red light only. Animals were habituated to the apparatus for 30 min before injections were given. Immediately after intraperitoneal injection of amphetamine (D-amphetamine sulfate given at 2.0 mg/kg) or guanfacine (1.0 mg/ kg), the mice were returned to the apparatus for an additional 60 min. The dose for guanfacine was selected on the basis of a study in which this dose was found to enhance the performance of mice on a prefrontal cortex task without sedation (Franowicz et al., 2002) . Drugs were dissolved in sterile saline. Locomotor activity was analyzed by ANOVA with repeated measures (time) for the experimental groups. Significant behavioral effects were further analyzed by factorial ANOVA with Scheffe's F test for post hoc analyses.
Results

A truncated form of Fgfr1 is expressed in the developing prosencephalon
To investigate the role of FGFR signaling during forebrain development, we used a truncated Fgfr1 gene construct that has been shown to successfully antagonize FGFR signaling when expressed in vivo (Werner et al., 1993; Robinson et al., 1995) . This truncated Fgfr1 (tFgfr1) contains the transmembrane domain but lacks the tyrosine kinase region. Therefore, it inserts into the cell membrane, binds ligands, and crossdimerizes with endogenous FGFR, blocking their function (Ueno et al., 1992) (Fig. 1 A) . The tFgfr1 construct was placed downstream of a 5.4 kb region encompassing the Otx1 promoter-enhancer (Fig. 1 B) . We previously characterized the Otx1 5.4 kb 5Ј region by placing it upstream from a ␤-galactosidase reporter gene and expressing the construct in transgenic mice.
The mice demonstrated intense LacZ staining restricted to the dorsal telencephalon, mesencephalon, and the dorsal region of the eye at E9.5 and E11.5 (data not shown). We then produced five transient transgenic founders, which carried the Otx1-tFgfr1 construct; three of these founders were harvested at E14.5 and two at E18.5 (Table 1 ) (supplemental Fig. 1 A; available at www. jneurosci.org). After cresyl violet staining of serial sections, gross morphological abnormalities were evident in the two E18.5 Otx1-tFgfr1 transgene-positive embryos. These included a thinner cortical plate, an enlargement of the cerebral ventricles, and a shortening of the mesencephalon-(supplemental Fig. 1C ; available at www. jneurosci.org). The transgene was strongly expressed throughout the Otx1 domain, including the developing cerebral cortex, as detected by in situ hybridization using a transgene-specific probe (supplemental Fig. 1 B; available at www.jneurosci.org). Additional zygote microinjections resulted in four Otx1-tFgfr1transgene-positivefounders, numbers 2, 16, 19, and 33 (Table 1) . Founder lines 16, 19, and 33 displayed spontaneous hyperactive locomotor behavior in the home cage. Lines 16 and 19 were incapable of producing any progeny beyond F 1 because of unidentified reasons but possibly because of extreme hyperactivity. Line 2 mutant animals were indistinguishable from wild types in terms of body weight, brain weight, and general brain morphology. In contrast, line 33 mutant animals were immediately identifiable by their hyperactivity and smaller body size. The brain weight for line 33 mutant mice was consistently decreased by 16% compared with their wild-type littermates at birth as well as at adulthood [0.125 Ϯ 0.03 vs 0.104 Ϯ 0.08 gm at postnatal day (P) 1; n ϭ 13 per group]. All four lines expressed the tFgfr1 mRNA in the forebrain and midbrain throughout embryogenesis but at different levels. For example, lines 19 and 33 had much stronger tFgfr1 expression in the cortical primordium than line 2 ( Fig. 1C ) (data not shown). This suggests that phenotypic differences between these lines were attributable to different expression levels of the transgene.
The spatiotemporal pattern of transgene expression was regulated during development. In line 33, tFgfr1 mRNA was highly expressed in the forebrain and to a lower extent in the midbrain at E12.5-E14.5 and was downregulated at birth ( Fig.  1C ) (data not shown). To confirm these data, we collected brain tissue from forebrain and midbrain areas and subjected them to RT-PCR at four different time points: E10.5, E14.5, P0, and 6 months. Together with the in situ hybridization results, the RT-PCR data ( Fig. 1 D) indicated that the transgene is downregulated at the mRNA level by the end of gestation and that a lower level of transgene expression is retained until adulthood. This time-dependent expression pattern of the transgene correlates with the expression time frame of Otx1, which begins at E8.5 with a steady increase until E12.5 and subsequently is downregulated in most regions (Simeone et al., 1993) . No decrease in Otx1 mRNA levels was present in tFgfr1 transgenic mice (data not shown). Dysfunctional FGFR signaling severely alters the differentiation of the cerebral cortex in a region-specific manner Otx1-tFgfr1 transgenic mice showed an aberrant development of specific regions of the CP. When embryos were examined at E18.5, when the marginal zone (MZ), CP, subplate (SP), intermediate zone (IZ), and VZ were all distinctly formed, the CP and IZ of all transgenic mice examined with the exception of line 2 were notably thinner with respect to wild-type mice. Mice from lines 33 and 19 were examined in greater detail throughout subsequent development. In serial coronal sections examined at P0 or P2, the CP was reduced in thickness in the prospective medial prefrontal and temporal cortical areas, whereas other cortical areas were indistinguishable from that of wild-type littermates (Figs. 2 A-H ). At higher magnification, cortical neurons appeared less dense and disorganized in the prospective medial prefrontal and temporal cortical regions of neonatal transgenic mice ( Fig. 2 I -L) . This abnormality was noticed in all tFgfr1 mutant brains analyzed (n ϭ 10).
The severity of the cerebral cortical abnormalities progressed with age. For example, the adult frontal and temporal cortical areas were reduced in thickness by ϳ30 -40%, primarily because of a near collapse of infragranular cortical layers (Fig. 3 , compare F with G and H; Fig. 4 , compare A and I ). The amount of subcortical white matter was similarly reduced (Fig. 3A-D) . At higher magnification in cresyl violet-stained sections, a reduction in the number of cortical cells and a decrease in soma size as well as aberrant cortical layer architecture were immediately apparent in the tFgfr1 mutants. In the dorsolateral frontal regions, layer 5 large-sized neurons were very sparse, and layers 5 and 6 were indistinct from one another (Fig. 3 , compare K with L and M ). In the temporal regions of the pallium, above the rhinal sulcus, the cortex was reduced to a narrow strip of tissue with indistinguishable cortical layers (Fig. 4, compare B and J ) . No apparent abnormalities were present in other regions of the cerebral cortex.
To investigate the cellular composition of the cerebral cortex, we analyzed adult brains for two major cortical neuron subtypes: glutamatergic projection neurons and GABAergic interneurons. SMI-32 recognizes a nonphosphorylated epitope of neurofilament H in cortical pyramidal cells (Campbell et al., 1991) . Most notable alterations in SMI-32 staining pattern were found in frontal and temporal cortices. In mutant frontal cortex, both in medial and dorsal regions, fewer neuronal cell bodies were found to be immunoreactive with SMI-32, and these pyramidal neurons were smaller in size and less compactly organized in distinct layers (Fig. 3, compare N with O and P) . Apical dendritic processes of pyramidal cells were short, and their bundles were substantially thinner in diameter (Fig. 3 , compare A and B with C-E, and N with O and P). More severe alterations in SMI-32 staining were found in the adult temporal cortical area. In this region, the mutant cortex contained very few pyramidal cells, the cell bodies of which were much smaller and scattered randomly without any discernible aggregation into layers II/III and V and without distinguishable apical dendritic processes (Fig. 4, compare F  and N ) .
The abnormalities in cortical pyramidal cells were present in animals from both lines 33 (Fig. 3C, D, O) and 19 ( Fig. 3 E, P) , which both exhibited marked spontaneous locomotor hyperactivity as compared with wild-type littermates. To obtain an estimate for the decrease in number of pyramidal neurons in infragranular layers of the cerebral cortex, we immunostained sections for TBR1, a transcription factor expressed by glutamatergic neurons of the cerebral cortex in layer 5/6 (Hevner et al., 2001) . Stereological analyses revealed a pronounced decrease in TBR1-immunoreactive neuron number in tFgr1 transgenic mice as compared with wild-type littermates (Table 2) . Pyramidal neurons represent approximately two- thirds of all cortical neurons; correspondingly, cortical volume as well as the total number of cells was significantly decreased in Otx1-tFgfr1 mutant mice (Table 2) . We next examined GABAergic interneurons. The expression pattern or the density of neurons immunostained by GABA antibodies was not altered in frontal, temporal, or any other cortical areas examined, and the total number of GABAimmunoreactive cortical neurons was not significantly changed in transgenic mice ( Table 2 ). The calcium-binding protein, calbindin-28KD, is expressed by GABAergic interneurons in layers II through VI as well as by layer 2 pyramidal cells (Cruikshank et al., 2001 ). The expression pattern of calbindin-immunoreactive neurons was not affected in frontal cortex (Fig. 3 I, J ) , whereas calbindin-immunoreactive neurons were decreased in the mutant temporal cortex (Fig. 4 , compare E and H with M and P). Another calcium-binding protein, parvalbumin, is expressed by a different subset of GABAergic interneurons distributed uniformly throughout the cortical layers. In mutants, the density of parvalbumin neurons was unchanged or slightly increased in both frontal and temporal areas (Fig. 4 , compare D and G with L and O).
Because of the locomotor hyperactivity of these animals (see below) we also examined subcortical structures and cortical afferent fiber systems that are known to affect psychomotor behavior. At the stages of young adults, as well as at complete maturity, transgenic mice of lines 33 and 19 showed no difference in volume, cellular composition, or innervation of the basal ganglia, as demonstrated by GABA, parvalbumun, calbindin, serotonin, and dopamine transporter (DAT) immunostaining (data not shown). The normal immunostaining results in the basal ganglia are in agreement with the lack of transgene expression in the basal telencephalon (Fig. 1C) . In addition, the density or pattern of the few cortical terminals expressing DAT and serotonin immunoreactivities was not different as compared with controls.
In conclusion, the cresyl violet staining, SMI-32, TBR1, and calbindin immunostaining results provided consistent evidence for region-specific neocortical atrophy and disorganization of cerebral cortical laminar structure in transgenic mice. This included a defect in the number and positioning of pyramidal neurons in frontal and temporal areas as well as altered morphology of their dendritic trees. In contrast, the number of cortical GABAergic interneurons was unchanged, and several subcortical systems examined were likewise unaffected. Region-specific disruption of radial glia in tFgfr1 cerebral cortex Radial glial cells are progenitors that generate cortical pyramidal neurons as well as guide their migration (Anton et al., 1997; Malatesta et al., 2000 Malatesta et al., , 2003 Noctor et al., 2001) . To test the hypothesis that the disturbed number and laminar organization of cortical pyramidal neurons may be attributed to defective radial glia, we examined radial glial phenotypes in wild-type and tFgfr1 transgenic mice using molecular markers. The RC-2 monoclonal antibody recognizes an epitope present in radial glia but not in mature astrocytes (Misson et al., 1988) . At E18.5, RC-2-immunoreactive radial glia apical processes were decreased in number in the prospective medial prefrontal and temporal cortical areas of tFgfr1 mutants, whereas RC-2-immunoreacitve radial glia fibers were elongated and extended from the VZ to the pial layer in wild-type littermates (Fig. 5 A, D) (data not shown). A different type of radial glia marker, GLAST, is expressed by a subtype of radial glia partially overlapping with the subset of radial glia recognized by RC-2 (Shibata et al., 1997; Hartfuss et al., 2001) . GLAST immunofluorescent staining at E18.5 was in accord with the results obtained with the RC-2 monoclonal antibody. Astroglial fibers were disorganized, fragmented, and discontinuous in the mutant CP within prospective frontal and temporal cortical regions (Fig. 5 E, F ) , whereas they extended from the VZ to the cortical wall without any interruption in wild-type littermates (Fig. 5 B, C) . Immunostaining with a third radial glial marker, BLBP (Feng et al., 1994; Rousselot et al., 1997) , confirmed the lower densities of radial glial fibers in the cortical wall (data not shown). In summary, there was abnormal radial glia process extension in tFgfr1 mutant mice, as revealed by RC-2, GLAST, and BLBP in the prospective medial prefrontal and temporal areas of the neocortex. There was no evidence that these abnormalities were attributable to premature radial glia differentiation into astrocytes, because no GFAP immunoreactivity was detected in the mutant CP, and none of the above markers revealed upward displacement of radial glial cell bodies toward the CP.
Disrupted FGFR signaling causes region-specific decreases in proliferative cells and early generated neurons
The radial glial cells arise at E13.5 from primordial neuroepithelial cells of the VZ (Malatesta et al., 2003) . These primordial neuroepithelial cells give rise, in addition to radial glia, to some of the neurons that form the preplate or primordial plexiform layer (PPL), which will be subsequently split by the incoming neurons of the CP into layer I and SP (Luskin and Shatz, 1985; MarinPadilla, 1998 ). To find out whether the alterations in radial glial cells noted at E18.5 were preceded by previous alterations in VZ neural progenitor cells, we examined the animals at E12.5, a time Infragranular pyramidal neurons and GABA interneurons were identified by immunostaining for the transcription factor TBR1 and GABA, respectively. Sections were counterstained with cresyl violet to visualize all cells. Cell number in the adult neocortex was estimated by stereological analysis using the optical fractionator method. *p Ͻ 0.01; Student's t test; n ϭ 4 -6 mice per genotype.
N ). N is the enlarged view of K. In contrast, the density of GABAergic cells seems unaffected in transgenic animals ( L, O) compared with the wild-type counterparts ( D, G). G and O are the enlarged views of D and L, respectively. There is decreased density of calbindin-28KD-immunoreactive cells in deeper layers of the temporal cortical area in transgenic animals ( M, P) as compared with wild-type mice ( E, H ). H and P are enlarged views of E and M, respectively. Scale bars: A, C-E, I, K-M, 400 m; B, F-H, J, N-P, 100 m.
point when the genesis of the CP has not yet begun and before the preplate has split into the marginal zone and the SP. We detected a region-specific reduction in thickness of both the PPL and the VZ in the cortical wall of E12.5 tFgfr1 embryos. The lateral cortical neuroepithelium was severely atrophic in the mutants, and this reduction in thickness of the VZ was accompanied by a reduction in number of proliferative cells labeled by BrdU administered to the embryos 30 min before harvest (Fig.  6 A-D) . The number of BrdU-positive cells in a longitudinal strip of dorsal VZ adjacent to the lateral ganglionic eminence, measuring 100 m in the lateral-medial dimension, was 68,484 Ϯ 4158 in wild type and 34,268 Ϯ 1643 in transgenic animals ( p Ͻ 0.01; Student's t test). The volume of this strip of neuroepithelium was not statistically different between wild-type and transgenic animals (0.12 Ϯ 0.03 and 0.08 Ϯ 0.01, respectively; n ϭ 3 wild type and 3 transgenic embryos). The total number of BrdU-labeled proliferative cells in the entire cortical VZ of tFgfr1 embryos did not differ from that of wild type (data not shown), suggesting that the abnormal proliferation was highly localized in the lateral cortical neuroepithelium. Cell death, as assessed by TUNEL staining, was not affected in tFgfr1 embryos (Fig. 6 E, F ) .
Postmitotic neurons were visualized with antibodies to ␤-III tubulin and TBR1, a transcription factor expressed by early born neurons of the PPL (Hevner et al., 2001) (Fig. 6G,H ) . A reduction in thickness of the PPL and decreased TBR1 expression was observed in the anteromedial and lateral regions of the cerebral cortical wall (Fig. 6G,H ) (data not shown). In contrast, in posterior regions of the cortical epithelium of E12.5 tFgfr1 embryos, the thickness of the VZ and the neuronal density in the PPL were comparable with that of wild-type littermates (data not shown). Some of the neurons of the PPL are Cajal-Retzius cells, which express reelin and calretinin (Lavdas et al., 1999) . However, when examined at either E12.5 or E18.5, tFgfr1 mutants showed no significant difference in the expression level of either reelin or calretinin immunoreactivities (data not shown).
We next examined whether altered expression pattern of TBR1 was present at subsequent developmental stages. At E18.5, TBR1 is expressed by neurons of the MZ and SP as well as by glutamatergic neurons of the CP; TBR1 expression is maintained in layer 5/6 pyramidal neurons through adulthood (Hevner et al., 2001) . Mutant animals showed aberrant TBR1 protein expression only in presumptive medial prefrontal and temporal cortical areas, whereas other cortical areas displayed TBR1 expression comparable with that of wild-type embryos (Fig. 7A-L) . In the affected areas, there was a substantial reduction in TBR1 nuclear immunoreactivity in the marginal zone and deeper layers of the cortical plate. Most of TBR1 immunostaining in tFgfr1mutants was cytoplasmic, in contrast to the discrete nuclear staining pattern observed in wildtype littermates (Fig. 7, compare B, C, and E with G, H, and L) . The reduction in TBR1-positive neuron number persisted in adulthood (Table 2) .
Transgenic animals have hyperactivity, which is increased by amphetamine and alleviated by guanfacine treatment
The tFgfr1 mutant animals developed behavioral abnormalities characterized by repetitive patterns of locomotor hyperactivity that were stereotyped in nature. The abnormal behavior was evident at baseline, in the home cage. Each animal repetitively and compulsively turned in one particular direction and also displayed occasional head bobbing. Interestingly, this stereotyped behavior was not present at birth but developed ϳ2 weeks after weaning, during adolescence, or young adulthood. It persisted in adulthood, although the frequency of locomotor hyperactivity declined slightly with age.
Baseline activity levels assessed after a saline injection were markedly increased in tFgfr1 mice compared with control animals using an automated activity monitoring system (Fig. 8 A) (F (1,28) ϭ 9.65; p Ͻ 0.01), consistent with observations of spontaneous hyperactivity made in the animals' home cages. To evaluate whether the locomotor hyperactivity could be attributable to a functional alteration of monoaminergic systems, we first tested whether the transgenic animals responded as the wild type to the stimulating effects of amphetamine. There were differences in activity rates between tFgfr1 compared with control mice after the injection of amphetamine (F (1,16) ϭ 6.53; p Ͻ 0.05) (Fig. 8 A) . Nevertheless, amphetamine significantly increased activity rates by approximately twofold in both wild-type and transgenic animals (F (11,18) ϭ 4.43 and F (11, 26) ϭ 2.32, respectively; p Ͻ 0.01) despite the different baselines. For both groups, activity was increased 5-10 min after the injection of amphetamine, but the effect differed over time (F (11,44) ϭ 3.28; p Ͻ 0.01). Elevated activity rates in controls did not decline over the session, although they did in the transgenic animals. Thus, transgenic animals consistently displayed elevated activity rates compared with controls regardless of saline or amphetamine treatment (F (1,44) ϭ 16.28; p Ͻ 0.001).
The systemic administration of ␣2A adrenergic receptor agonists inhibits impulsive behavior in both mice (Franowicz et al., 2002) and children with attention-deficit hyperactivity disorder (Scahill et al., 2001) . To further test whether behavioral hyperactivity observed in transgenic animals could be attributed to an abnormality of this receptor system, we assessed spontaneous locomotor activity before and after treatment with guanfacine, a drug preferentially acting at ␣2A adrenergic receptors. The systemic administration of guanfacine (1 mg/kg) markedly reduced locomotor activity in both wild-type and transgenic mice, although its effects differed for these groups in magnitude (F (11,40) ϭ 2.00; p Ͻ 0.05) and in the time course of the drug action (F (11,40) ϭ 3.14; p Ͻ 0.01) (Fig. 8 B) . Both groups of mice showed reductions in activity 5-10 min after the injection, yet the effects of guanfacine were transient in the tFgfr1 mice (F (11,16) ϭ 2.86; p Ͻ 0.05) and persistent in wild-type controls (F (11,16) ϭ 3.46; p Ͻ 0.05). This may have been because of some sedative effects of this dose of guanfacine in control mice; however, no evidence of sedation or abnormal behavior was observed in transgenic animals.
Indeed, guanfacine appeared to restore normal rates and patterns of activity for ϳ30 min in these tFgfr1 mice, such that they were essentially identical to saline-injected controls (Fig. 8 B) . Nevertheless, stereotyped patterns of locomotor hyperactivity gradually increased over time, such that eventually these mice were similar to tFgfr1 mice that were given saline. These data indicate that guanfacine could transiently ameliorate the consequences of tFgfr1 transgene-induced alterations during embryonic brain development on subsequent cortical function.
Discussion
We generated mice expressing a dominant negative tFgfr1 transgene in the neuroepithelium of the embryonic brain and the developing cortical plate, which disrupts FGF receptor signaling by forming inactive complexes with endogenous FGFR. The Otx1-tFgfr1 mutants have decreased cortical thickness and decreased numbers of cortical pyramidal neurons in the prefrontal and temporal areas of the neocortex. Cortical architecture was disorganized at birth in these areas and progressively worsened during development, resulting in severe atrophy of the frontal and temporal regions in adulthood. In these regions, residual pyramidal cells were smaller and poorly organized in cortical layers, showing underdeveloped dendritic arborization. No significant alterations were observed in other areas of the cerebral cortex. The same transgenic mice exhibited marked increases in spontaneous stereotypic locomotor activity, which could not be attributed to a dysfunction of subcortical monoaminergic systems. Hence, our data provide the first in vivo evidence for a role of FGFRmediated tyrosine kinase signaling in cortical development and the regulation of locomotor behavior.
We believe that both the anatomical and behavioral defects arise as a result of the dominant negative attenuation of FGFR signaling resulting from transgene expression and not by an interference with other genetic loci. For example, a decreased thickness of the cortical plate was observed in the two transgenic founders harvested at E18.5, as well as in two of the lines, 19 and 33, each one arising as an independent genetic integration event. Lines 19 and 33 also had locomotor hyperactivity, although we could only analyze line 33 in detail because of the inability of line 19 to give progeny beyond F 1 . In contrast, line 2 did not show either hyperactivity or significant alterations in cortical morphology. This is likely because of the fact that the level of transgene expression was insufficient to antagonize endogenous FGF activity in line 2. Therefore, there is a good correlation between the level of tFgfr1 expression, aberrant cortical development, and locomotor abnormalities.
FGFRs, to our knowledge, are the earliest tyrosine kinase receptors to be expressed in the forebrain. The Fgfr1 and Fgfr2 gene products are expressed by neuroepithelial precursor cells of the cerebral cortex (Raballo et al., 2000; Y. Ohkubo and F. Vaccarino, unpublished data) . The overexpression of tFgfr1 via the Otx1 promoter was sufficient to interfere with the proliferation of neural progenitor cells resulting in atrophy of anteromedial and lateral regions of the neuroepithelium at E12.5. Precisely in these regions, the decreased number of neural progenitor cells resulted in decreased production of neurons expressing the transcription factor TBR1 in layer 5/6 pyramidal neurons. Tbr1 is required for normal reelin expression in Cajal-Retzius cells within the PPL (Hevner et al., 2001 ), which in turn is necessary for pyramidal cell migration to the CP (Caviness, 1982; D'Arcangelo et al., 1995) . In Tbr1 null mutants, cortical layers are disorganized because of a downregulation of reelin within Cajal-Retzius cells (Hevner et al., 2001 ). However, reelin expression was not altered in the tFgfr1 transgenic mice, suggesting that the disruption of FGFR signaling did not disturb the genesis or differentiation of CajalRetzius cells. MAP2 immunostaining performed at E18.5 revealed that the subplate formed normally, even in the presumptive frontal and temporal cortical regions (data not shown). Together, the early events of corticogenesis seemed to have occurred normally in transgenic animals as the PPL was split into the marginal zone and the subplate, with the cortical plate placed in between.
The most striking abnormality in the tFgfr1 mice was atrophy of the anterior and lateral regions of the cerebral cortex, which is attributable to a decrease in the number of pyramidal cells, particularly in layer 5/6, with resulting collapse of cortical laminas. These region-specific abnormalities were severe enough to cause an overall 50% decrease in TBR1-expressing pyramidal cells as well as a 40% decrease in total cortical volume and cell number. Examination of the adult brains revealed that the residual pyramidal neurons were aberrantly placed and had deformed apical dendrites. The phenotype of tFgfr1 mutants was primarily restricted to the pyramidal cell lineage. GABAergic interneurons are generated mostly in the basal ganglia, a region that did not express tFgfr1, and reach the cerebral cortex by tangential migration (Anderson et al., 1997; Lavdas et al., 1999) . The fact that the number of cortical GABAergic interneurons was unchanged suggests that the migration of these cells was unaffected by the abnormal development of pyramidal cells.
Our findings suggest two molecular mechanisms by which fewer numbers of abnormally positioned pyramidal neurons were generated in tFgfr1 transgenic mice. The first mechanism is a dysgenesis of radial glial progenitor cells, and the second is a lack of nuclear TBR1 in neurons of the deep layers of the cortical plate. Radial glia are dividing neural progenitor cells extending one endfoot to the ventricle and a radial process to the pia (Kriegstein and Gotz, 2003) . In the cortex, 80% of the radial glia progeny become glutamatergic projection neurons, and 6% become neurons containing calcium-binding proteins, whereas the remaining 14% mature to be glia (Malatesta et al., 2003) . On the basis of these cell fate studies, the substantial loss of projection neurons may have resulted from the fact that radial glia were fewer in number in the prefrontal and temporal regions of the CP because of an attenuation of FGFR signaling. The loss of radial glial processes in the embryonic neuroepithelium of Otx1-tFgfr1 mice was preceded by a decrease in thickness of the VZ at earlier stages of development with a localized loss in number of progenitor cells in the absence of any changes in cell death. These results suggest that FGFR signaling may be necessary for radial glial cell genesis from earlier neuroepithelial cells. This particular hypothesis is very tantalizing to formulate because both FGFR1 and FGFR2 are expressed by radial glia, and FGFR1 signaling may be required for normal radial glial cell proliferation in the hippocampal primordium (Ohkubo et al., 2004) . MAPK (mitogen- Locomotor activity is increased in transgenic tFgfr1 mice as compared with littermate control animals. Activity counts are expressed as the mean (ϮSEM) number of photocell beam brakes and are shown for 60 min at 5 min intervals after injection. There were 8 -18 mice per group depending on condition. A, Transgenic tFgfr1 mice displayed marked increases in locomotor activity compared with control animals under baseline conditions (saline). Amphetamine, at a moderate dose (2.0 mg/kg), increased locomotor activity in both transgenic and control animals relative to saline injections. Activity rates were markedly increased but transiently in tFgfr1 mice. B, Conversely, the selective ␣2A adrenergic receptor agonist guanfacine (1.0 mg/kg) reduced locomotor activity rates in both transgenic and control animals. Although activity rates in tFgfr1 mice were normalized by guanfacine, this effect was transient and eventually was not different from transgenic animals given saline. activated protein kinase)-ERK (extracellular signal-regulated kinase), an intracellular kinase activated by FGFR1 in vitro (Kouhara et al., 1997; LaVallee et al., 1998) , is present in its active form in radial glial cells and is activated by FGF2 and FGF8 in cortical explants (Ohkubo et al., 2004) . It is possible that MAPK activation regulates radial glial cell division or the outgrowth of radial processes. Because migrating pyramidal cells climb on radial glial processes during their migration to the cortical plate (Rakic, 1988) , it is possible that defective radial glia fibers disturb the positioning of pyramidal neurons and secondarily disrupt cortical laminar organization. In summary, the present data suggest that the dysgenesis of glutamatergic neurons in the cortex is a result of disrupted FGFR signaling in radial glial progenitor cells.
A second mechanism for cortical pyramidal neuron dysgenesis in tFgfr1 embryos is that FGFR1 signaling may be directly or indirectly involved in the correct intracellular targeting of TBR1, because this transcription factor was unable to translocate to the nuclear compartment in the affected regions of the mutant cerebral cortex. The failure to express TBR1 may cause abnormalities in the differentiation of cortical pyramidal neurons. The TBR1 transcription factor is expressed by glutamatergic neurons, the progeny of cortical radial glia, but not by GABAergic neurons or glial cells (Hevner et al., 2001) . Radial glial development does not require TBR1 (Hevner et al., 2001) , suggesting that aberrant radial glia noted in tFgfr1 mutants is not a result of TBR1 downregulation. Together, in tFgfr1 mice, two molecular events may be responsible for the decreased number of glutamatergic neurons in frontotemporal cortical areas, reduced number of radial glial cells, and downregulation of TBR1 within their progeny, the pyramidal neurons. Whether Tbr1 is a downstream target of the FGFR signaling pathway in young neurons or whether FGFR1 signaling is required in radial glia for the differentiation of TBR1-positive neurons is not yet known.
It has been suggested previously that FGFR signaling regulates process outgrowth in neurons by interacting with neural cell adhesion molecules (NCAMs) or the cadherins (Doherty and Walsh, 1966; Williams et al., 1994; Saffel et al., 1997; Niethammer et al., 2002) . NCAM and its homologs bind the extracellular region of FGFR1, causing the activation of PLC␥ and arachidonic acid release, which in turn activates the phosphorylation of the growth cone molecule GAP43 (Meiri et al., 1998) . The Otx1 promoter driving the tFgfr1 transgene is active within layer 5 cortical pyramidal cells (Frantz et al., 1994) . The dysgenesis of apical dendrites of pyramidal neurons in the frontal and temporal areas of tFgfr1 transgenic mice provides some evidence for a possible role of FGFR signaling in dendritic outgrowth in vivo.
Studies have shown that dominant negative constructs that are soluble have stronger and more widespread effects, possibly attributable to trapping of ligands in the extracellular space (Celli et al., 1998) . In contrast, our transmembrane tFgfr1 construct is likely to produce only a partial inhibition of FGF signaling. For example, the Cre-mediated deletion of Fgfr1 in the dorsomedial VZ produces hippocampal atrophy (Ohkubo et al., 2004) . Hippocampal atrophy was not observed in our dominant negative tFgfr1 mutants, likely because tFgfr1 transgenics may have levels of FGFR1 signaling that are sufficient for hippocampal development. An important question relates to the specificity of the disruption in signaling with respect to different FGF ligands and receptors. The alterations of cortical development present in Otx1-tFgfr1 transgenic mice were not detected after the isolated disruption of the Fgfr1 gene in the forebrain neuroepithelium (Hebert et al., 2003) . Our results may be explained by a combined attenuation of the function of multiple FGFR. Consistently, a truncated Fgfr1-IIIc construct similar to that used in our studies blocked signaling through the FGFR1, FGFR2 (IIIb and IIIc), and FGFR3 proteins in Xenopus oocytes (Amaya et al., 1991; Ueno et al., 1992) . However, the dominant negative blockade may depend on the endogenous and truncate receptors binding the same ligand (Celli et al., 1998) . If this is correct, the tFgfr1 should block the action of FGF1, FGF2, and FGF6, which bind FGFR1, but minimally that of FGF7 or FGF8, which bind FGFR1 poorly. Indeed, there is similarity between the phenotype of Otx1-tFgfr1 transgenic mice and that of Fgf2 knock-out mice, in that Fgf2 knock-out mice have a decreased density of pyramidal neurons that spares posterior regions of the cerebral cortex (Raballo et al., 2000; Korada et al., 2002) . In conclusion, if in vitro binding studies are applicable in vivo, this information suggests that the phenotype of tFgfr1 transgenic mice may be explained by the attenuation of function of the FGF2-FGFR1-FGFR2 signaling pathways.
However, ligand-binding specificity in vitro may differ from that in vivo. For example, the disruption of the Fgfr1 gene in the midbrain was shown to impair isthmic FGF8 signaling (Trokovic et al., 2003) . Interfering with the FGF8 pathway in the forebrain markedly alters early cortical patterning (Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003) . The relative late emergence of the cortical phenotype observed in tFgfr1 transgenics makes it unlikely that the FGF8 -FGFR3 pathway is significantly affected, yet we cannot completely exclude that the region-specific defects described here are associated with defects in cortical area map similar to those present in conditional Fgf8 loss-of-function mice or in mice expressing a dominant negative Fgfr3 construct Grove, 2001, 2003; Garel et al., 2003) . Additional experiments using markers for cortical area boundaries are necessary to determine whether the patterning of the cerebral cortex is altered in tFgfr1 mutants.
The region-specific effects of disrupted FGFR signaling suggest that some regions of the cortical neuroepithelium require a higher level of FGFR signaling. These malformations were not attributable to unequal expression pattern of the Otx1-tFgfr1 transgene; rather, we suggest that the selective distribution of FGF ligands is responsible. In this respect, it is intriguing that the areas where strongest cortical aberrations were noted in the tFgfr1 transgenic mice are adjacent to two FGF-expressing signaling centers, the dorsoanterior midline and the "cortical antihem" at the lateral edge of the cortical neuroepithelium (Meyers et al., 1998; Assimacopoulos et al., 2003) .
The most intriguing aspect of the tFgfr1 transgenic mice is the apparent association between cortical defects and hyperactive behavior. Locomotor hyperactivity has been observed after developmental or drug-induced alterations in subcortical dopaminergic, noradrenergic, and cholinergic systems (Trovero et al., 1992; Blanc et al., 1994; Gerber et al., 2001; Zhuang et al., 2001 ). Yet, we have no anatomical evidence that any of these systems is altered in tFgfr1 mice. Furthermore, the ability of amphetamine to further increase activity in the transgenic animals and that of guanfacine to attenuate the hyperactive behavior suggests that these subcortical systems were functionally intact. It is possible that the loss of cortical pyramidal neurons in frontal and temporal areas observed in the tFgfr1 transgenic mice may be linked directly or indirectly to the locomotor hyperactivity. Although we have as yet no direct proof supporting the hypothesis that the glutamatergic neuron loss is the reason for hyperactivity, it is interesting that locomotor hyperactivity is present in mice with NMDA receptor hypofunction (Mohn et al., 1999; Miyamoto et al., 2001; Ballard et al., 2002) , and that in hyperactive mice lacking the dopamine transporter, glutamate receptor antagonists both worsen the hyperactivity and prevent the inhibitory effect of psychostimulants and serotonergic drugs on hyperactive locomotor behavior .
Our tFgfr1 mice provide the first in vivo evidence that developmental defects caused by an attenuation of FGFR signaling are associated with robust spontaneous hyperactivity that develops during the juvenile stage and persists into adulthood. Guanfacine has been reported to be beneficial for reducing tic severity in patients with Tourette's syndrome and impulsivity or hyperactivity in children with attention-deficit hyperactivity disorder (Scahill et al., 2001) . The observation that our mice also respond to guanfacine suggests that these mice may model aspects of these disorders and may provide an avenue to better understand the developmental defects underlying disorders of inhibitory control.
